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BSTRACT: Hyperve loc i ty  impact  tests were conducted  
n an evacua ted  r a n g e  on t a r g e t  samples  which simu- 
b a t e d  a NASA S-IVB w a l l  c o n f i g u r a t i o n  s i n c e  t h i s  
t a g e  is planned  a s  t h e  pr imary  s t r u c t u r e  i n  t h e  NASA E r b i t i n g  Workshop program. The samples  formed p a r t  
bf t h e  w a l l  of a l a r g e  t a n k  which c o n t a i n e d  an oxygen- 
r i c h  atmosphere.  The e x p l o s i v e  o x i d a t i o n s  which oc- 
b u r r e d  i n s i d e  t h e  t a n k  a s  a r e s u l t  of p e r f o r a t i o n  
were observed  and t h e  r e s u l t s  were ana lyzed .  The b a r e  
the rma l  i n s u l a t i o n  on t h e  i n s i d e  of t h e  w a l l  f u r t h e r  
enhanced t h e  o t h e r w i s e  s e v e r e  r e a c t i o n  which o c c u r s  
y i t h  a metalllc w a l l  i n  t h e  p r e s e n c e  of e n r i c h e d  
oxygen. 
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INTRODUCTION 
The p e r f o r a t i o n  of t h e  w a l l  of a v e s s e l  by a 
h y p e r v e l o c i t y  p r o j e c t i l e  w i l l  produce an  exp los ive -  
l i k e  r e a c t i o n  i n s i d e  t h e  t a n k  i f  t h e  t a n k  c o n t a i n s  an 
oxygen-r ich atmosphere.  S t u d i e s  (1-10) have shown 
t h a t  t h e  ex t r eme ly  ho t  f r agmen t s  of projecti le and 
w a l l  materials r a p i d l y  undergo  a chemica l  r e a c t i o n  
w i t h  t h e  oxygen i n  t h e  immediate v i c i n i t y  of t h e  per -  
f o r a t i o n ,  p roduc ing  a combust ion f r o n t  which pene- 
t r a t e s  i n t o  t h e  t ank .  T h i s  v i o l e n t  r e a c t i o n  is ac-  
companied by a b r i l l i a n t  f l a s h  of l i g h t .  
The process j u s t  d e s c r i b e d  is s i m i l a r  t o  t h e  
s i t u a t i o n  which c o u l d  e x i s t  i f  t h e  w a l l  of  a manned 
s p a c e  v e h i c l e  were t o  be  p e r f o r a t e d  by a meteoro id .  
There  is ample r e a s o n  for concern  r e g a r d i n g  t h e  e f -  
f ec t  of s u c h  an encoun te r  on t h e  human occupan t s  of 
'The numbers i n  p a r e n t h e s e s  refer t o  t h e  1 .ist of 
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t h e  s p a c e  v e h i c l e .  Among the  phenomena which c o u l d  
p r e s e n t  a s e r i o u s  p a t h o l o g i c a l  haza rd  t o  human occu- 
p a n t s  a r e  t h e  b l a s t  o v e r p r e s s u r e ,  t h e  i n t e n s e  l i g h t  
p l a s h ,  and t h e  h i g h  t empera tu res  a s s o c i a t e d  w i t h  t h e  
ombustion f r o n t .  The p o s s i b i l i t y  t h a t  a s p a c e c r a f t  E i r e  would be i n i t i a t e d  by t h e  combust ion f r o n t  and 
/accompanying hot p a r t i c l e s  is a secondary ,  b u t  pe rhaps  
e q u a l l y  s e r i o u s ,  p o t e n t i a l  haza rd .  Ways t o  a l l e v i a t e  
t h e s e  problems are d i s c u s s e d  i n  R e f s .  9 and 11. 
Roth (8) h a s  p r e s e n t e d  a l i t e r a t u r e  rev iew and 
purvey  of t h i s  f l a s h  o x i d a t i o n  hazard  from the  b io-  
b e d i c a l  p o i n t  of view.  Much of h i s  d i s c u s s i o n  is 
Focused on t h e  work of Gel1 and h i s  c o l l e a g u e s  a t  
Ling-Temco-Vought (1-3). These workers  exposed w h i t e  
k a t s  t o  t h i s  o x i d a t i v e  d e t o n a t i o n  i n s i d e  a v e s s e l  
p h i c h  was p e r f o r a t e d  by a h i g h - v e l o c i t y  p r o j e c t i l e .  
These an ima l s  s u f f e r e d  v a r i o u s  deg rees  of i n j u r y  and 
i n c a p a c i t a t i o n ,  and under  some test c o n d i t i o n s  mor- 
k a l i t y  o c c u r r e d .  I t  was i m p o s s i b l e  t o  de t e rmine  
Whether d e a t h  occur red  p r i m a r i l y  a s  a r e s u l t  of  t h e  
b l a s t  e f f e c t s  or as  a r e s u l t  of b u r n s  r e c e i v e d  by t h e  
an imal  
S e v e r a l  r e c e n t  s t u d i e s  (4-7) have produced addi-  
k i o n a l  i n f o r m a t i o n  r e g a r d i n g  t h e  mechanism of t h i s  
b x i d a t i v e  r e a c t i o n  and its p o t e n t i a l  h a z a r d s  t o  space-  
c r a f t  s t r u c t u r e s ,  sys t ems ,  and p e r s o n n e l .  However, 
! a l l  q u e s t i o n s  have n o t  been answered,  and any addi -  
k i o n a l  expe r imen ta l  i n f o r m a t i o n  which becomes a v a i l -  
; ab l e  shou ld  be welcomed by t h o s e  concerned  w i t h  space-  
c r a f t  d e s i g n .  
I n  a r e c e n t  test program (9) a t  AEDC, hyperveloc-  
i t y  impact  tests were conducted  on t a r g e t  samples  
which s i m u l a t e d  a w a l l  c o n f i g u r a t i o n  of t h e  S a t u r n  
S-IVB s t a g e .  The S-IVB s t a g e  is planned  a s  t h e  p r i -  
mary s t r u c t u r e  i n  the NASA O r b i t i n g  Workshop progxam. 
On many of these tests, t h e  t a r g e t  sample was a t t a c h -  
ed  t o  a l a r g e  t a n k  which p e r m i t t e d  t h e  r e a r  of t h e  
wal l  sample  t o  be exposed t o  an oxygen-r ich atmos- 
phe re  d u r i n g  p e r f o r a t i o n .  The main pu rpose  of t h e s e  
tests was t o  e v a l u a t e  methods of p r e v e n t i n g  or mini- 
miz ing  combust ion of t h e  p o l y u r e t h a n e  foam which 
cove red  t h e  i n s i d e  of t h e  w a l l  sample ,  A s  a r e s u l t  
of t h e s e  tests, t h e  d e c i s i o n  was made t o  i n s t a l l  a 
3 - m i l  aluminum f o i l  f i r e - r e t a r d a n t  l i n e r  t o  cove r  the 
i n s u l a t i o n  and t o  i n s t a l l  a micrometeoro id  bumper on 
t h e  v e h i c l e  (11). A t  t h e  same t i m e ,  however, these 
tests p rov ided  an  o p p o r t u n i t y  t o  obse rve  t h e  b l a s t  
effects i n s i d e  t h e  tes t  t a n k  a t  t h e  t i m e  of p e r f o r a -  
L - k m  ~ T h e e m b u s t i o n  f r o n t  w a s  r e c o r d e d  photographi -  
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c a l l y  on a l a r g e  number of t h e s e  tests. I n  a d d i t i o n ,  
on a l i m i t e d  number of t h e s e  tests, t r a n s d u c e r s  were 
p l a c e d  i n s i d e  t h e  test  t a n k  t o  a l low f u r t h e r  observa-  
t i o n  of t h e  phenomena a s s o c i a t e d  w i t h  t h e  combustion 
f r o n t .  The pu rpose  of t h i s  pape r  is  t o  d e s c r i b e  
t h e s e  o b s e r v a t i o n s  and t o  r e l a t e  them t o  p r e v i o u s l y  
a v a i l a b l e  i n f o r m a t i o n  on t h e  s u b j e c t .  The p r e s e n t  
r e s u l t s ,  a l t h o u g h  l i m i t e d  i n  e x t e n t ,  p r o v i d e  informa- 
t i o n  which a p p l i e s  s p e c i f i c a l l y  t o  an uncovered poly-  
u r e t h a n e  i n s u l a t i o n  and unburnpered w a l l  c o n f i g u r a t i o n .  
TEST CONFIGURATION 
LAUNCHER AND RANGE 
These tests were conducted i n  t h e  Hyperve loc i ty  
Impact Range S-2 a t  AEDC. The r a n g e  i n c l u d e s :  (1;) a 
two-stage l a u n c h e r ;  (2) a b l a s t  t a n k  i n t o  which muz- 
z le  g a s e s  expand and i n  which t h e  p r o j e c t i l e  (1/8 i n .  
diam.,  t y p e  2017 aluminum s p h e r e s  i n  t h e s e  tests) is 
s e p a r a t e d  from the s a b o t ;  (3) a c o n n e c t i n g  t u b e  a l o n g  
i h i c h  v e l o c i t y  measuring shadowgraphs a r e  l o c a t e d ;  
and (4) a t a r g e t  t a n k  where t h e  tes t  specimen is i m -  
p a c t e d  by t h e  p r o j e c t i l e .  The l a r g e  s ize  (6 f t .  diam 
by 2 1  f t .  l ong)  of t h i s  t a r g e t  t a n k  permits t h e  i m -  
p a c t  t e s t i n g  of u n u s u a l l y  l a r g e  c o n f i g u r a t i o n s  i n  a 
vacuum environment .  I n  t h e  p r e s e n t  test ,  i t  permit- 
t e d  t h e  u s e  of a r e l a t i v e l y  l a r g e  ( 3  f t .  diam. b y . 5  
f t  long)  t e s t  t a n k  whose volume was g r e a t e r  t h a n  t h a t  
of any v e s s e l  u sed  i n  p r e v i o u s  e x p l o s i v e  o x i d a t i o n  
impact s t u d i e s  (1-7) .  
TARGET CONFIGURATION 
The w a l l  specimen used  on t h i s  test  was des igned  
t o  s i m u l a t e  t h e  S a t u r n  S-IVB b a s i c  w a l l  s t r u c t u r e .  I t  
c o n s i s t e d  of a 0.125 i n .  t h i c k ,  t y p e  2014-T6 aluminum 
s h e e t  t o  which a 1 i n .  t h i c k  l a y e r  of c l o s e d - c e l l  
p o l y u r e t h a n e  foam was bonded. The foam was s e a l e d  
w i t h  a l a y e r  of g l a s s  f a b r i c  and a c o a t  of po lyu re -  
t h a n e  r e s i n .  A pho tograph  of t h e  r e a r  of a w a l l  spec- 
imen is shown i n  F i g .  1. T h i s  p o l y u r e t h a n e  i n s u l a -  
t i o n  p r o v i d e s  t h e r m a l  i n s u l a t i o n  on t h e  i n s i d e  of t h e  
t a n k  t o  p r e v e n t  l i q u i d  hydrogen b o i l - o f f  f o r  t h e  pro- 
p u l s i v e  s t a g e .  
The t a r g e t  specimen was a t t a c h e d  t o  t h e  ups t r eam 
end of t h e  tes t  t a n k ,  w i t h  t h e  foam i n s u l a t i o n  on t h e  
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i n s i d e .  The tes t  t a n k  was mounted i n s i d e  t h e  r a n g e  
target t a n k  w i t h  its a x i s  on t h e  r a n g e  c e n t e r l i n e .  
P r o v i s i o n s  were made f o r  e v a c u a t i n g  t h e  test t a n k  
p r i o r  t o  c h a r g i n g  it w i t h  t h e  d e s i r e d  g a s  mix tu re .  
INSTRUMENTATION 
The combust ion f r o n t  i n s i d e  t h e  test  t a n k  was 
r e c o r d e d  p h o t o g r a p h i c a l l y  on a l a r g e  number of t h o s e  
tests r e p o r t e d  i n  R e f .  9 .  The t a n k  was equipped w i t h  
a s i d e  p o r t  ( approx ima te ly  10 i n .  diam.) immediately 
behind  t h e  ups t ream t a n k  f l a n g e ,  p r o v i d i n g  a view nor- 
mal t o  t h e  t a n k  c e n t e r l i n e .  The uprange  edge  of t h i s  
f i e l d  of view w a s  abou t  4 i n .  behind  t h e  r e a r  of t h e  
w a l l  specimen.  I n  a d d i t i o n ,  a n o t h e r  port  w a s  l o c a t e d  
i n  t h e  r e a r  end of t h e  tes t  t a n k ,  p r o v i d i n g  an  un- 
o b s t r u c t e d  c e n t e r l i n e  view of t h e  r e a r  of t h e  w a l l  
specimen. The s i d e  p o r t  was used  m o s t  o f t e n  for t h i s  
high-speed camera cove rage ,  because  t h e  r e a r  p o r t  was 
u s u a l l y  occupied  by o t h e r  i n s t r u m e n t a t i o n  sys t ems .  A 
16-mm camera was used ,  and t h e  f r aming  ra te  d u r i n g  
t h e  e v e n t  was u s u a l l y  abou t  3200 f r ames / sec .  
For  t h e  s h o t s  which a r e  of p a r t i c u l a r  i n t e r e s t  
i n  t h i s  report ,  a d d i t i o n a l  i n s t r u m e n t a t i o n  d e v i c e s  
were p l a c e d  i n s i d e  t h e  test  t a n k  t o  r e c o r d  t h e  pas-  
s a g e  of t h e  combust ion f r o n t .  T h i s  a d d i t i o n a l  i n s t r u -  
men ta t ion  c o n s i s t e d  of f o u r  q u a r t z  p r e s s u r e  t r a n s -  
d u c e r s  and f o u r  l e a d - z i r c o n a t e  p i e z o e l e c t r i c  " t i m e -  
o f - a r r i v a l "  gages .  These d e v i c e s  were mounted i n  
f o u r  p a i r s  a t  1 2  i n .  i n t e r v a l s  l o n g i t u d i n a l l y  i n  t h e  
t a n k .  Each p a i r  c o n s i s t e d  of one  of each  t y p e  of 
gage. The d e v i c e s  were a t t a c h e d  t o  a b r a c k e t  which 
was c a n t i l e v e r e d  from t h e  r e a r  end of t h e  test  t ank .  
The b r a c k e t  was shock-mounted a t  its p o i n t  of a t t a c h -  
ment t o  t h e  t ank .  A s k e t c h  of t h i s  arrangement  is 
p r e s e n t e d  i n  F i g .  2 .  The o u t p u t s  of t h e s e  d e v i c e s  
were a m p l i f i e d  and r e c o r d e d  on magnet ic  t a p e .  
Three  tests were a l s o  conducted  w i t h  i ron-con-  
s t a n t a n  thermocouples  l o c a t e d  i n s i d e  t h e  test  t ank .  
The thermocouple  j u n c t i o n s  were r e s i s t a n c e  welded 
u s i n g  0..002 i n .  wires. These thermocouples  were fab -  
r i c a t e d  u s i n g  a s t a n d a r d  thermocouple  connec to r  and 
ceramic  i n s u l a t o r  a s  shown i n  F i g .  3, and t h e  d e v i c e s  
were mounted on t h e  b r a c k e t  i n s i d e  t h e  tes t  t a n k  w i t h  
t h e  exposed j u n c t i o n  f a c i n g  fo rward .  The thermo- 
c o u p l e s  were l o c a t e d  a t  8 i n .  i n t e r v a l s  a s  shown i n  
F i g .  2 .  The r e f e r e n c e  j u n c t i o n s  were immersed i n  ice 
b a t h s ,  and t h e  thermocouple  o u t p u t s  were d i s p l a y e d  
and r e c o r d e d  on o s c i l l o s c o p e s .  
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The i n s t a n t  of p r o j e c t i l e  impact  on t h e  w a l l  
specimen was moni tored  by means of a r a d i o m e t e r  which 
observed  t h e  i n i t i a l  impact  f l a s h .  The r a d i o m e t e r  
o u t p u t  w a s  r e c o r d e d  on t h e  magnet ic  t a p e  t o  p r o v i d e  a 
t i m e  r e f e r e n c e  fo r  t h e  p r e s s u r e  gages  and time-of- 
a r r i v a l  gages  i n s i d e  t h e  test t ank .  The r ad iomete r  
o u t p u t  w a s  a l s o  used  t o  t r i g g e r  t h e  o s c i l l o s c o p e s  
which were used  t o  d i s p l a y  t h e  thermocouple  o u t p u t s .  
TEST RESULTS 
TEST CONDITIONS 
For  t h e  tests of i n t e r e s t  i n  t h e  p r e s e n t  r e p o r t ,  
t h e  tes t  t a n k  was charged  w i t h  t h e  d e s i r e d  g a s  mix- 
t u r e  t o  a p r e s s u r e  of 5 p s i a .  The test g a s e s  were 
n i t r o g e n  and oxygen, and i n d i v i d u a l  tests were con- 
duc ted  w i t h  specific v o l u m e t r i c  m i x t u r e s  of 21  pe r -  
c e n t  oxygen ( a i r ) ,  45  p e r c e n t  oxygen, 59 p e r c e n t  oxy- 
gen,  70 p e r c e n t  oxygen, a s  w e l l  a s  100 p e r c e n t  oxygen 
or n i t r o g e n .  A l l  tests of i n t e r e s t  were conducted  
u s i n g  1/8 i n .  diam. aluminum s p h e r i c a l  p r o j e c t i l e s  a t  
v e l o c i t i e s  i n  t h e  20,000-26,000 f t / s e c  reg ime.  
was used  on a l l  tests of i n t e r e s t  i n  t h i s  r e p o r t .  I m -  
p a c t  u s u a l l y  o c c u r r e d  w i t h i n  t h e  t a r g e t  a r e a  cove red  
on t h e  r e a r  by t h e  p o l y u r e t h a n e  foam. However, on a 
f e w  s h o t s ,  i n c l u d i n g  two of t h e  s h o t s  made w i t h  t h e  
a d d i t i o n a l  i n s t r u m e n t a t i o n  d e v i c e s  i n s i d e  t h e  t a n k ,  
t a r g e t  p e r f o r a t i o n  o c c u r r e d  o u t s i d e  of  t h e  area cover -  
e d  by t h e  foam. These s h o t s  p rov ided  a f o r t u n a t e  
o p p o r t u n i t y  fo r  comparing t h e  tes t  r e s u l t s  f o r  an i n -  
s u l a t e d  w a l l  w i t h  t h e  co r re spond ing  behav io r  f o r  a 
s i m p l e  aluminum w a l l .  
The t a r g e t  c o n f i g u r a t i o n  p r e v i o u s l y  d i s c u s s e d  
PHOTOGRAPHIC OBSERVATIONS OF OXIDATIVE FLASH 
Typ ica l  f i l m  sequences  of t h e  o x i d a t i v e  f l a s h  
o c c u r r i n g  i n s i d e  t h e  test t a n k  a t  impact  a r e  p r e s e n t -  
e d  i n  F i g u r e  4. F i lm  exposure  r e s u l t e d  from lumi- 
n o s i t y  i n s i d e  t h e  t a n k  produced by t h e  r a p i d  o x i d a t i o n  
of p r o j e c t i l e  and w a l l  m a t e r i a l s .  The f i l m  c l i p  a t  
t h e  l e f t  d e p i c t s  p e r f o r a t i o n  of  t h e  1/8 i n .  t h i c k  
aluminum w a l l  w i t h o u t  foam i n s u l a t i o n .  The d u r a t i o n  
of t h e  e v e n t  r e c o r d e d  on t h e  f i l m  is abou t  6 msec. 
The second,  t h i r d ,  and f o u r t h  f i l m  c l i p s  d e p i c t  pe r -  
f o r a t i o n  of  a t y p i c a l  w a l l  specimen for t h e  case of 
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85, 70, and 100 p e r c e n t  oxygen m i x t u r e s ,  r e s p e c t i v e l y .  
The comple te  d u r a t i o n  of t h e  e v e n t s  on t h e s e  t es t s ,  
bf which on ly  t h e  i n i t i a l  p o r t i o n s  are shown i n  t h e  
f i g u r e ,  were 34, 44,  and 53 msec fo r  t h e  45,  70,  and 
00 p e r c e n t  oxygen m i x t u r e s ,  r e s p e c t i v e l y .  The ex- % o s u r e  of t h e  p i c t u r e s  i n d i c a t e s  q u a l i t a t i v e l y  t h a t  
.the i n t e n s i t y  of t h e  combust ion f r o n t  i n c r e a s e s  w i t h  
i n c r e a s i n g  oxygen c o n c e n t r a t i o n .  On o t h e r  tests w i t h  
5 p s i a  of a i r  i n  t h e  tes t  t a n k ,  f i l m  exposure  was too 
peak for p r i n t i n g .  On tes t s  u s i n g  100 p e r c e n t  n i t r o -  
gen,  no f i l m  exposure  occur red .  
The f i f t h  f i l m  c l i p  i n  F i g .  4 was o b t a i n e d  
th rough  t h e  r e a r  p o r t  of t h e  test t a n k  i n s t e a d  of t h e  
F i d e  p o r t .  The camera was focused  on t h e  r e a r  of t h e  
test  specimen,  t h e  o u t l i n e  of which is v i s i b l e  i n  t h e  
kirst f rame.  The s h a r p n e s s  of f o c u s  is reduced  a s  
t h e  f l ame  f r o n t  p r o p a g a t e s  i n t o  t h e  t a n k .  Dura t ion  
of t h e  r e c o r d e d  e v e n t  was about  t h e  same a s  f o r  t h e  
g d j a c e n t  f i l m  c l i p  (100 p e r c e n t  oxygen) .  T h i s  view, 
u n r e s t r i c t e d  by p o r t  s ize ,  i n d i c a t e s  t h a t  t h e  f l ame  
f r o n t  p e n e t r a t e s  t h roughou t  t h e  test t a n k .  
These f i l m  c l i p s  demons t r a t e  c l e a r l y  t h e  e f f e c t  
of t h e  p o l y u r e t h a n e  foam o n * t h e  o x i d a t i v e  f l a s h .  I n  
t h e  absence  of t h e  foam, t h e  m e t a l l i c  w a l l  and pro-  
j e c t i l e  p rov ided  t h e  o n l y  p a r t i c l e s  a v a i l a b l e  f o r  
o x i d a t i o n .  Fur thermore ,  p roduc t ion  of t h e s e  p a r t i c l e s  
is comple t e  w i t h i n  a r e l a t i v e l y  s h o r t  t i m e  i n t e r v a l  
. a f t e r  impact .  However, w i t h  t h e  a d d i t i o n  of poly-  
u r e t h a n e  foam t o  t h e  w a l l ,  a l a r g e  volume of l o w -  
d e n s i t y ,  h i g h l y  combus t ib l e  m a t e r i a l  is e j e c t e d  i n t o  
t h e  o x i d i z i n g  atmosphere i n s i d e  t h e  t a n k  a t  impact .  
Also ,  t h e  foam c o n t i n u e s  t o  be ejected f o r  a l o n g  
p e r i o d  of t i m e  compared w i t h - t h e  s i n g l e  m e t a l l i c  w a l l  
c o n d i t i o n .  The o v e r a l l  e f f e c t  of t h e  p r e s e n c e  of t h e  
foam is t o  s i g n i f i c a n t l y  i n c r e a s e  (by an o r d e r  of 
magni tude)  t h e  d u r a t i o n  of t h e  o x i d a t i v e  f l a s h  i n s i d e  
t h e  t a n k .  
VELOCITY OF COMBUSTION FRONT 
The " t ime-o f -a r r iva l "  gages  i n s i d e  t h e  tes t  t a n k  
responded t o  t h e  phenomena i n s i d e  t h e  t a n k .  Typ ica l  
o s c i l l o g r a p h  p layback  traces of t h e  r e c o r d e d  d a t a  a r e  
p r e s e n t e d  i n  F i g .  5. The r e s u l t s  shown i n  F i g .  5a 
a r e  t y p i c a l  f o r  t h o s e  tests f o r  which impact  o c c u r r e d  
w i t h i n  t h e  a r e a  cove red  by t h e  foam. The r e s u l t s  f o r  
one of t h e  t w o  s h o t s  which missed t h e  foam a r e  shown 
i n  F i g .  5b. I n  t h e  l a t t e r  c a s e ,  t h e  t y p e  of r e s p o n s e  
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o b t a i n e d  from these gages  i n d i c a t e s  t h a t  t h e  l e a d i n g  
edge  of t h e  d i s t u r b a n c e  is w e l l  d e f i n e d  a s  i t  p a s s e s  
th rough  t h e  t a n k .  I n  t h e  c a s e  of impact  w i t h i n  t h e  
foam-covered a r e a ,  however, t h e  l e a d i n g  edge  is some- 
what "smeared ou t "  by t h e  i n t e r a c t i o n  between t h e  
foam and t h e  high-speed metal l ic  p a r t i c l e s .  
The t i m e  i n t e r v a l  from p r o j e c t i l e  impact  t o  a r -  
r i v a l  of  t h e  d i s t u r b a n c e  a t  each  gage l o c a t i o n  i n s i d e  
t h e  t a n k  was r e a d  from t h e  o s c i l l o g r a p h  t r a c e s  a s  i n -  
d i c a t e d  i n  F i g .  5. I n  t h e  c a s e  of impac t s  t h rough  
t h e  foam, an a t t e m p t  was made t o  d e f i n e  t h e  i n s t a n t  
of a r r i v a l  of t h e  s t r o n g  p a r t  of t h e  f r o n t  i n s t e a d  of 
its weak l e a d i n g  edge.  A deg ree  of judgement  was re- 
q u i r e d  i n  t h e  d e f i n i t i o n  of  t h i s  i n s t a n t  because  of 
t h e  smear ing  of t h e  f r o n t .  These r e s u l t s  are pre-  
bented  i n  F i g .  6 .  Although t h e r e  is some s c a t t e r  i n  
t h e s e  r e s u l t s ,  t h e  d a t a  c l e a r l y  i n d i c a t e  s l o p e s  on 
t h e  d i s t a n c e - t i m e  p l o t s  co r re spond ing  t o  a propaga- 
t i o n  v e l o c i t y  of about  8000 f t / s e c  f o r  impac t s  which 
p e r f o r a t e d  t h e  foam and about  22,000 f t / s e c  f o r  i m -  
p a c t s  which missed t h e  foam. These r e s u l t s  appear  t o  
be independent  of t h e  oxygen c o n c e n t r a t i o n  i n  t h e  
test  t a n k .  
I t  is e v i d e n t  t h a t  t h e  expe r imen ta l  d i s t a n c e -  
t i m e  measurements shown i n  F i g .  6 do n o t  e x t r a p o l a t e  
back t o  t h e  o r i g i n  of t h e  p l o t .  Th i s  is l a r g e l y  be- 
c a u s e  t h e  b r a c k e t  which h e l d  t h e  i n s t r u m e n t a t i o n  de- 
v i c e s  was mounted approximate ly  8 i n .  below t h e  t a n k  
b e n t e r l i n e .  S i n c e  t h e  d i s t u r b a n c e  f r o n t  which prop-  
jagated th rough  t h e  t a n k  was non-planar  and was, t o  a 
f i r s t  approximat ion ,  hemisphe r i ca l  i n  shape ,  its a r -  
r i v a l  a t  a gage  p o s i t i o n  c o u l d  occur  s i g n i f i c a n t l y  
l a t e r  t h a n  its a r r i v a l  a t  t h e  co r re spond ing  c e n t e r -  
l i n e  p o s i t i o n .  The g e n e r a l  s h i f t i n g  i n  t i m e  of t h e  
r e s u l t s  f rom s h o t  t o  s h o t  probably  r e s u l t e d  from the 
random d i s p e r s i o n  of t h e  p r o j e c t i l e  impact  l o c a t i o n  
w i t h  r e s p e c t  t o  t h e  t ank  c e n t e r l i n e .  I t  is b e l i e v e d  
t h a t  t h e  l a r g e  upward s h i f t  i n  t h e  r e s u l t s  f o r  s h o t  
300 (F ig .  6e) was t h e  r e s u l t  of a premature  impact  
f l a s h  s i g n a l  from a s m a l l  p a r t i c l e  p receed ing  t h e  
p r o j e c t i l e  r a t h e r  t h a n  t h e  e f f e c t  of a change i n  g a s  
compos i t ion .  
The v e l o c i t y  of t h e  d i s t u r b a n c e  which produced 
t h e  t i m e - o f - a r r i v a l  gage r e s p o n s e  does  n o t  cor respond 
w i t h  t h e  v e l o c i t y  of c l o u d  mot ions  a s  obse rved  on t h e  
1 6 - m m  f i l m  ( F i g .  4 ) .  I n  t h e  l a t e r  c a s e ,  f o r  impac t s  
which p e r f o r a t e d  t h e  b a r e  foam, t h e  l e a d i n g  edge  of 
khe luminous c l o u d  which i n i t i a l l y  p a s s e s  a c r o s s  t h e  
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camera f i e l d  of view h a s  a v e l o c i t y  of abou t  800 f t /  
sec, a f u l l  o r d e r  of  magni tude less t h a n  t h a t  i n d i -  
c a t e d  by t h e  gage r e s p o n s e .  The re fo re ,  t h e r e  is r e a -  
son  t o  conc lude  t h a t  t h e  b i l l o w i n g  luminous c l o u d s  
which a r e  v i s i b l e  i n  t h e  16-mm camera p i c t u r e s  r ep -  
r e s e n t  a s t a g e  of t h e  impact  p r o c e s s  which is funda-  
m e n t a l l y  d i f f e r e n t  from t h e  i n i t i a l  d i s t u r b a n c e  s t a g e .  
These d i f f e r e n c e s  a r e  worthy of f u r t h e r  s t u d y .  
PRESSURE MEASUREMENTS 
When a t h i n  w a l l  is p e r f o r a t e d  by a h y p e r v e l o c i t y  
p r o j e c t i l e ,  t h e  expanding d e b r i s  c l o u d  immediately 
behind  t h e  p o i n t  of impact  w i l l  c o n t a i n  f ragmented ,  
mel ted ,  and vapor i zed  m a t e r i a l s .  I t  is conven ien t  t o  
v i s u a l i z e  t h a t  a "p res su re"  e x i s t s  w i t h i n  t h i s  ex- 
panding  c l o u d .  More p r e c i s e l y ,  t h e  c l o u d  c o n t a i n s  
momentum which p roduces  an impulse  a c t i n g  on any s u r -  
face t h e  c l o u d  s t r i k e s .  If t h e  c l o u d  is comple t e ly  
vapor i zed ,  t h e r e b y  c o n s i s t i n g  of a ve ry  l a r g e  number 
of ve ry  s m a l l  p a r t i c l e s ,  t h e  u s u a l  concep t  of p r e s -  
s u r e  may be v a l i d  for t i m e  s c a l e s  and s p a c e  scales of 
i n t e r e s t .  However, a p p r e c i a b l e  v a p o r i z a t i o n  canno t  
be produced i n  m o s t  m a t e r i a l s ,  i n c l u d i n g  t h o s e  of t h e  
p r e s e n t  test, a t  v e l o c i t i e s  a t t a i n a b l e  w i t h  l i g h t - g a s  
guns.  The re fo re ,  t h e  d e b r i s  c l o u d  i n  t h e s e  tests 
c o n s i s t e d  of d i s c r e t e  s o l i d  and molten f r agmen t s  i n -  
s t e a d  of a -"cont inuous"  expanding vapor .  None the le s s ,  
a p i e z o e l e c t r i c  p r e s s u r e  t r a n s d u c e r  l o c a t e d  w i t h i n  a 
f e w  p r o j e c t i l e  d i a m e t e r s  of t h e  impact l o c a t i o n  i n  
t h e  p r e s e n t  tests would l i k e l y  obse rve  an a p p a r e n t  
s t a g n a t i o n  p r e s s u r e  on t h e  o r d e r  of a few k i l o b a r s  
(12,131.  
The s t a g n a t i o n  p r e s s u r e  i n  t h e  d e b r i s  c l o u d  de- 
c r e a s e s  a s  t h e  c l o u d  expands away from t h e  t a r g e t  
s h e e t .  Fur thermore ,  t h e  r a d i a l  p r e s s u r e  p r o f i l e  i n  
t h e  c l o u d  f a l l s  o f f  v e r y  r a p i d l y  w i t h  i n c r e a s i n g  d i s -  
t a n c e  from t h e  a x i a l  c e n t e r l i n e .  The i n s t r u m e n t a t i o n  
b r a c k e t  i n s i d e  t h e  t a n k  (F ig .  2) on t h e  p r e s e n t  tes t  
was l o c a t e d  below t h e  t a n k  c e n t e r l i n e  n o t  o n l y  t o  pre- 
v e n t  t r a n s d u c e r  damage from f r agmen t s  w i t h i n  t h e  
d e b r i s  c l o u d  b u t  a l s o  t o  minimize any c o n t r i b u t i o n  t o  
t h e  measured p r e s s u r e  which c o u l d  r e s u l t  from t h e  de- 
br is  c l o u d  r a t h e r  t h a n  f r o m  t h e  combust ion f r o n t .  I t  
was hoped t h a t  any p r e s s u r e  observed  by t h e  t r a n s -  
d u c e r s  would r e s u l t  e n t i r e l y  from t h e  e x p l o s i v e  ox i -  
d a t i o n  of t h e  w a l l  and p r o j e c t i l e  m a t e r i a l s ,  t h e  e f -  
fects of which were expec ted  t o  p r o p a g a t e  th roughou t  
t h e  t a n k .  
576 
None of t h e  p r e s s u r e  t r a n s d u c e r s  i n s i d e  t h e  t a n k  
on t h e s e  tests r e c o r d e d  an  o v e r p r e s s u r e  exceed ing  t h e  
n o i s e  l e v e l  g e n e r a t e d  by mechanica l  shock  a t  impact .  
T h i s  mechanica l  n o i s e  l e v e l  never  exceeded t h e  equiv-  
a l e n t  of 5 p s i  and was less t h a n  3 p s i  f o r  m o s t  tests. 
There fo re ,  t h e s e  r e s u l t s  imply t h a t  any o v e r p r e s s u r e  
which may have e x i s t e d  a t  t h e  t r a n s d u c e r  l o c a t i o n s  
never  exceeded 5 p s i .  
r e p o r t e d  maximum o v e r p r e s s u r e s  of 38 p s i  (31 ,  100 p s i  
( 4 ) ,  75 p s i  (5),  and 150 p s i  (6) o b t a i n e d  i n  p r e v i o u s  
i n v e s t i g a t i o n s .  I t  shou ld  be no ted ,  however, t h a t  
a l l  of t h e  i n v e s t i g a t i o n s  of t h i s  t y p e  have invo lved  
wide ly  d i f f e r i n g  test c o n f i g u r a t i o n s  ( p r o j e c t i l e ,  t a r -  
g e t ,  t a n k  volume, t r a n s d u c e r  l o c a t i o n ,  e tc . ) .  F u r t h e r -  
more, t h e  u s e  of a p i e z o e l e c t r i c  t r a n s d u c e r  i n  a m e -  
c h a n i c a l  shock  environment  is no e a s y  t a s k  s i n c e  t h e  
c r y s t a l  r e s p o n d s  t o  a c c e l e r a t i o n  a s  w e l l  a s  p r e s s u r e .  
F i n a l l y ,  i t  is p o s s i b l e  t h a t  some i n v e s t i g a t i o n s  may 
have i n d i c a t e d  abnormal ly  h i g h  o v e r p r e s s u r e s  because  
of t h e  i n t e r a c t i o n  of t h e  expanding d e b r i s  c l o u d  w i t h  
t h e  b l a s t  o v e r p r e s s u r e .  None the le s s ,  it is n o t  pos- 
s i b l e  t o  e x p l a i n  w i t h  c e r t a i n t y  t h e  l a r g e  d i f f e r e n c e  
i n  b l a s t  o v e r p r e s s u r e  between t h e  p r e s e n t  measurements 
and t h o s e  of  o t h e r  i n v e s t i g a t o r s .  N o r  is it  p o s s i b l e  
t o  i d e n t i f y  which p a r t i c u l a r  sets of measurements, i f  
any,  a r e  i n  error. The l a r g e  d i f f e r e n c e s  between ob- 
s e r v a t i o n s  i l l u s t r a t e  t h e  need f o r  a d d i t i o n a l  t e s t i n g  
t o  r e s o l v e  t h e  p r e s e n t  u n c e r t a i n t y .  
T h i s  r e s u l t  is  somewhat s u r p r i s i n g  i n  view of  
TEMPERATURE MEASUREMENTS 
Temperature  measurements were o b t a i n e d  on t w o  
tests u s i n g  a 70 p e r c e n t  oxygen atmosphere and one  
test u s i n g  a i r .  An o s c i l l o s c o p e  t r a c e  of t h e  o u t p u t  
of one thermocouple  on a test w i t h  70 p e r c e n t  oxygen 
is shown i n  F i g .  7 .  A r a p i d  t empera tu re  i n c r e a s e  is 
observed  t o  beg in  abou t  5 msec a f t e r  p r o j e c t i l e  i m -  
p a c t .  The s i g n a l  t hen  r e a c h e s  a p l a t e a u  cor respond-  
i n g  t o  abou t  1600 F w i t h i n  1 5  msec. The i n d i c a t e d  
t empera tu re  r ema ins  nea r  t h i s  l e v e l  f o r  abou t  35 msec 
and t h e n  d e c r e a s e s  s t e a d i l y  toward ambient  c o n d i t i o n s .  
T h i s  t y p e  of r e s p o n s e  was t y p i c a l  f o r  a l l  thermo- 
c o u p l e s  used  on t h e s e  tests. 
The maximum i n d i c a t e d  t empera tu res  r e c o r d e d  on 
t h e s e  t h r e e  tests a r e  summarized i n  Tab le  1. The 
second thermocouple  c o n s i s t e n t l y  r e c o r d e d  t h e  h i g h e r  
t empera tu re ,  i n d i c a t i n g  a s p a t i a l  v a r i a t i o n  i n  maximum 
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t e m p e r a t u r e  i n s i d e  t h e  t ank .  I t  is i m p o s s i b l e  t o  de- 
t e r m i n e  whether  t h e  impact  v e l o c i t y  d i f f e r e n c e  or t h e  
s p a t i a l  v a r i a t i o n  i n  t empera tu re  w a s  p r i m a r i l y  re- 
s p o n s i b l e  f o r  t h e  lower maximum tempera tu re  which oc- 
c u r r e d  on t h e  second test w i t h  70% oxygen. I t  is 
c l e a r  t h a t  t h e  i n d i c a t e d  t empera tu re  is s t r o n g l y  de- 
pendent  upon t h e  oxygen c o n c e n t r a t i o n  i n s i d e  t h e  test 
t a n k .  The i m p l i c a t i o n  is t h a t  most ( i f  n o t  a l l )  of 
t h e  h e a t i n g  which o c c u r s  a f t e r  impact  is a d i r e c t  re- 
s u l t  of t h e  r a p i d  combust ion of impact  d e b r i s .  The 
c o n t r i b u t i o n  of t h e  i n d i v i d u a l  components ( i n s u l a t i o n  
and aluminum p l a t e )  t o  t h e  h e a t i n g  e f f e c t  was n o t  
de te rmined .  
DISCUSSION 
The phenomena which occur red  when t h e  t e s t  s p e c i -  
men was p e r f o r a t e d  on t h e s e  t es t s  can  be s e p a r a t e d  i n -  
t o  t w o  c a t e g o r i e s .  The f i r s t  c a t e g o r y  i n c l u d e s  t h o s e  
phenomena which a r e  a s s o c i a t e d  w i t h  t h e  impact  and 
p e r f o r a t i o n  e v e n t s  o n l y ,  i . e . ,  t h o s e  which would occur  
even i n  t h e  absence  of an o x i d i z i n g  atmosphere.  The 
second c a t e g o r y  i n c l u d e s  t h e  a d d i t i o n a l  phenomena 
which occur  because  of  t h e  p r e s e n c e  of oxygen i n s i d e  
t h e  tes t  t a n k .  
The f i r s t  c a t e g o r y  i n c l u d e s  t h e  fo rma t ion  of t h e  
d e b r i s  c l o u d  of  f ragmented ,  me l t ed ,  and vapor i zed  pro-  
j e c t i l e  and w a l l  m a t e r i a l s  which expand i n t o  t h e  tes t  
v e s s e l .  The l e a d i n g  edge of t h i s  d e b r i s  c l o u d  is 
though t  t o  have produced t h e  i n i t i a l  r e s p o n s e  of t h e  
t i m e - o f - a r r i v a l  gages  on t h e s e  tests. The p r e s e n c e  
of oxygen i n  t h e  tes t  t a n k  a p p a r e n t l y  had l i t t l e  e f -  
f e c t  on t h e  i n i t i a l  c h a r a c t e r  of t h e  d e b r i s  c l o u d  
s i n c e  t h e  p r o p a g a t i o n  v e l o c i t y  of t h e  d i s t u r b a n c e  was 
t h e  same w i t h  or w i t h o u t  oxygen. On t h e  o t h e r  hand, 
t h e  c h a r a c t e r  of t h e  d e b r i s  c l o u d  was obv ious ly  i n f l u -  
enced by t h e  p r e s e n c e  of  t h e  p o l y u r e t h a n e  foam i n s u l a -  
t i o n  which was bonded t o  t h e  i n s i d e  of t h e  aluminum 
w a l l .  
Al though t h e  oxygen c o n c e n t r a t i o n  d i d  no t  a f f e c t  
t h e  i n i t i a l  c h a r a c t e r  of t h e  d e b r i s  c l o u d ,  t h e  quan- 
t i t y  and s t a t e  of t h e  m a t e r i a l s  c o n t a i n e d  w i t h i n  t h e  
d e b r i s  c l o u d  s t r o n g l y  i n f l u e n c e d  t h e  d u r a t i o n  and 
s e v e r i t y  of t h e  o x i d a t i o n  p r o c e s s .  I n  p a r t i c u l a r ,  
t h e  l a r g e  q u a n t i t y  of f i n e l y  d i v i d e d ,  low-densi ty ,  
combus t ib l e  m a t e r i a l  e j e c t e d  from t h e  i n s u l a t e d  w a l l  
r e s u l t e d  i n  an  o r d e r  of magnitude i n c r e a s e  i n  t h e  
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d u r a t i o n  of t h e  o x i d a t i v e  f l a s h  compared w i t h  t h e  
$ i n g l e  metallic w a l l  c o n d i t i o n .  The b i l l o w i n g  lumi- 
ous  c l o u d s  v i s i b l e  i n  t h e  16-mm f i l m  r e c o r d s  a r e  
r o b a b l y  t h e  gaseous  p r o d u c t s  of combust ion of t h e  
oam w i t h  oxygen. The effects of t h e s e  b u r n i n g  pro-  
u c t s  on o t h e r  s p e c e c r a f t  m a t e r i a l s  is n o t  i n c l u d e d  
n t h i s  p a p e r .  A l i m i t e d  s t u d y  of secondary  combus- 
t i o n  is r e p o r t e d  i n  Ref ,  9. 
The r e s u l t s  p r e s e n t e d  h e r e i n  have demonst ra ted  
t h e  p o s s i b i l i t y  t h a t  an exposed and u n p r o t e c t e d  i n -  
t e r n a l  t he rma l  i n s u l a t i o n  c o u l d  a g g r a v a t e  t h e  r e a c t i o n  
+ h i c h  would o c c u r  upon meteoro id  p e r f o r a t i o n  of an 
hnbumpered s p a c e c r a f t  h u l l  w i thou t  a f i r e  r e t a r d a n t  
l i n e r .  The phenomena t r e a t e d  i n  t h e  p r e s e n t  pape r  
would occur  o n l y  i n  t h e  e v e n t  of meteoro id  p e r f o r a t i o Q  
9f t h e  b a s i c  workshop w a l l .  N o  a t t e m p t  h a s  been made 
i n  this i n v e s t i g a t i o n  t o  a s s e s s  t h e  p r o b a b i l i t y  of 
quch an  o c c u r r e n c e  or t o  e v a l u a t e  methods of r e d u c i n g  
t h i s  p r o b a b i l i t y .  The p r o b a b i l i t y  of  t h i s  e v e n t  c a n  
t$ lear ly  be e l i m i n a t e d  f o r  a l l  p r a c t i c a l  pu rposes  by 
t h e  u s e  of meteoro id  s h i e l d i n g  t e c h n i q u e s .  A s  a re- 
$ u l t  of tests r e p o r t e d  (9) ,  NASA e l e c t e d  t o  i n s t a l l  
an e x t e r n a l  micrometeoro id  bumper and an  i n t e r n a l  
f i r e  r e t a r d a n t  l i n e r  on t h e  S a t u r n  Workshop t o  a l l e -  
G i a t e  t h e s e  problems (11). 
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F i g .  1--Wall Specimen ( I n s i d e  V i e w )  
F i g .  2--Schematic of T e s t  Tank 
F i g .  3--Thermocouple 
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Fig. 4--Impact-Initiated Combustion Front 
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a. Impact through Foam 
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b. Impact through Aluminum Wall Only 
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Thermocouple G a s  Composition No. (F) shot  (f t/sec) 
1 26,300 70$ 02, 30% 82 107 5 
2 24,300 7 0 $ 0 2 ,  30% 82 82 5 
3 25,500 Air 200 
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